The paper presents the results from a study in collaboration with an airline that looked at modeling the relationship of maintenance and fuel burn costs relative to minimizing the life cycle cost relative to schedule. The work has verified that the bucket theory presented in the paper is a correct and has a direct impact on the scheduling interval. Ultimately, it was found that the maintenance schedule at the collaborating company was overly long and could be reduced by 15-20%, to reduce total costs in the longer term. The Genetic-Causal Approach was used in the cost modelling process and incorporated into the Value Operations Methodology. Consequently, the generic relevance of both these theories has been validated through the work presented.
I. Introduction
HE paper will present a value analysis approach as applied to the scheduling of maintenance for aircraft engines. The work was carried out in collaboration with a collaborating airline and is of high impact in that it includes the coupling of the cost of fuel-burn as well as the cost of maintenance cost in investigating how to minimize airline Direct Operating Cost. At a more generic level, the paper gives insight in the development and application of the Value Operations Methodology (VOM) that can be used to support a Value Driven Engineering (VDE) approach. Figure 1 illustrates the tendency for airlines to gradually increase their Mean Time Between Failures (MTBF) or specifically, to increase the number of cycles between overhauls. Such a maintenance scheduling strategy for engines will lead to the deferment large costs associated with heavy overhaul and additionally, the even more significant cost associated with lost revenue. However, the deferment of heavy overhaul gives rise to increasing fuel burn due to performance degradation within the engine, particularly in the hot section. The aim of the presented work is to understand this trade-off better and consequently to review cost impacts of short term thinking. However, it should be noted that the deferment of heavy maintenance cost may be an only option due to the lack of cash flow, with higher overall costs becoming a more attractive option than having to finance heavy maintenance at a difficult economic period.
II. Value Operations Methodology (VOM)
The Value Operations Methodology (VOM) as proposed by Curran et al 7 is aimed at promoting operational value and ultimate utility as the main criterion to be used in engineering design making. It establishes expressions for operational value levers that can be incorporated into a weighted value function that more accurately captures the true value criterion on which to base engineering and operational decisions. Originally 7 , VOM was developed in the context of Value Driven Design (VDD) with a view to optimizing the design variables incorporated into the value function for a passenger aircraft, in order to ensure that the design process was actively driven by value assessments that relate most accurately to the true design decision metrics. However, the VOM approach is highly generic in nature, and even philosophical, and extends beyond design and VDD to operations research and life cycle analysis and optimization.
In establishing the VOM approach it has been stated 7 that it based on: a) the differential principle: that it is much more reasonable to relate the value of one instance with another (rather than trying to measure absolute value); and b) the additive principle: that value relating to an instance can be simply accumulated from various sources (rather than trying to model it in an integrated subjective form). This leads us to the fundamental proposition of VOM being expressed mathematically by:
Where a change in value ∆V is caused by a change in a set of associated value levers x i , when moving from some start-state to some new end-state. Each value lever of the set i=1…N has an associated scaling factor α i and error ε i and is in turn defined by a subset of lower level value parameters, x ji for j=1…M and associated scaling factor ω j , that describe the causal nature of each of each driver. The establishment of the lower level value parameter functions are carried out using the Genetic-Causal Approach (GCA) presented by Curran et al [3] [4] [5] [6] . The GCA was first developed with respect to cost modelling but is particularly well suited to the evaluation of any value driver and is based on two fundamental scientific principles: a) the Genetic Principle: categorizing drivers and parameters into sets of a similar nature; and b) the Causal Principle: formalizing relationships explicitly only where cause and effect is satisfied.
An example of the application of Eq. 1 is given by Curran et al 7 in the establishment of their value function for the passenger aircraft, as shown in Eq. 2.
where the main value levers x i utilized were: Cost C, airline Utilization U (ability to creat revenue), Maintainability M, Environmental Quality E, Passenger Satisfaction P and Safety S; with an and error term ε. It is important note that in moving from State 0 to State 1, e.g. C 0 to C 1 , the contribution to ∆V of each value lever may need to be inverted as a decrease in cost, maintenance difficulty and environmental impact is the preferred state. It is also interesting to note that the value lever scaling factors or weightings α i can be modeled with reference to Asavathiratham's influence modeling 1 . According to Eq. 1, each value lever in Eq. 2 is in turn described by a set of value parameters, x ji for j=1…M, that can be established and related using the Genetic-Causal Approach referenced above. Using GCA, we can establish the relevant value parameters and their relationship to any particular value lever. Ultimately, GCA establishes a (sub)-function for each value lever that formalizes its causal relationship to a sub-set of specific system characteristics (deltas) that are weighted according to the appropriate scaling factors. An example of this shown for the passenger aircraft study in terms of the 'Cost' value lever, where ∆C relates to the where C is the cost value lever and ω j are the associated scaling factors for the value parameters. The value parameters associated with cost where chosen to include: the ratio of the cost depreciation of Indirect Operating Cost IOC c IOCdepreciation , the ticket sales cost c ticketsales , the administration and other costs c admin , the staff cost c staff , the maintenance cost c maintenance , the fuel cost c fuel , the flight crew cost c crew , the interest cost c interest , the insurance cost c insurance , the depreciation of the Direct Operating Cost c DOCdepreciation , the airport costs c airport , the navigation costs c navigation , and the passenger services cost c paxservices . Consequently, VOM offers an assessment approach and framework that promotes Value Driven Engineering, whether at a fully holistic level as in Eq. 2, or in a given domain of interest as in Eq. 3. In fact, it is also advocated that many of the value components in the VOM assessment can be omitted to fit a purpose, with a view to focusing in a more detailed study at a much high degree of accuracy, thus promoting the growth of multidisciplinary research at a pragmatic level of linking two or three disciplines at a time, rather than trying to solve the problem of universality! This relates directly to one of the most important principles and challenges within VDE: that every decision should be related to the optimization of the systemic objective (value) function and that we do not promote the sub-optimization associated with the flow-down of requirements but that we need to try balance breadth with accuracy.
It will be seen from the research subsequently presented in this paper that the main theoretical significance is in a more in-depth application of VOM in order to investigate its relevance at a more detailed level with fewer variables but still focused on integration.
III. VOM Application to Aircraft Engines
In the application of VOM with a major Dutch airline it was decided to take a more detailed approach and investigate passenger aircraft engine management and maintenance. For the aircraft engine study many of the costs will remain constant relative to the change in maintenance scheduling, including: the ticket sales cost c ticketsales , the administration and other costs c admin , the staff cost c staff , the flight crew cost c crew , the interest cost c interest , the insurance cost c insurance , the airport costs c airport , the navigation costs c navigation , and the passenger services cost c paxservices . Another group of the costs from Eq. 3 may be influenced by a change in the maintenance scheduling interval but were assumed to be more minor and of less consequence, including: depreciation of Indirect Operating Cost IOC c IOCdepreciation and the depreciation of the Direct Operating Cost c DOCdepreciation . These were all held constant so that, Eq. 3 was reduced to the cost of fuel burn and maintenance as the most dominant cost parameters for that driver, i.e. the maintenance cost c maintenance , the fuel cost c fuel . Relative to Eq. 2, environmental quality E would be a very interesting driver to couple in the VOM but that is being carried out in subsequent work looking at the 
Eq. 5 represents the amalgamation of the overhaul costs associated with the cold, fixed and hot sections of the engine, together with the additional costs associated with repair, modifications and replacement of Life-LimitedParts (LLPs). Figure 2 illustrates that an aircraft engine has a low pressure compressor leading to a high pressure compressor, after which the air is first ignited with fuel in the combustor, to then be expanded in the diffuser section leading to the high pressure and then low pressure turbines. In addition, the energy extracted from the hot gasses by the turbine is used to drive the compressor and fan, thus propelling the aircraft. The fan, considered as the first stage of the compressor discharges roughly 80% of all intake air as by-pass flow. The by-pass air provides the bulk of the thrust force on exiting the aircraft while the other 20% is combusted so that the energy extracted from the hot gasses by the turbine can be used to drive the compressor and fan.
Typically, the duration between airline maintenance checks is set at certain number of cycles that is assumed to be optimal to ensure safe operations with a minimum of impact on flight operations and revenue generation. However, in terms of DOC the rising costs of fuel means that the impact of maintenance on the fuel burn of an aircraft may be also becoming more importance. Figure 3 shows that fuel burn may easily account for 30% of DOC where as engine overhaul is only 5%. Therefore, even a small percentage change in fuel burn due to improved maintenance scheduling may have a significant impact on DOC. In particular the hot section of an engine degrades between overhauls whereas the costs associated with the cold section will decrease the longer they are amortized over the Mean Time Between Overhaul. This factor was already recognized in the late 70's by work published by Sallee 10 , as shown in Fig. 4 , for individual engine sections, and rising to as much as 4.4% after 3000 cycles in terms of the delta change in Specific Fuel Consumption. Sallee 9 also highlights in Fig. 5 that as the number of cycles between maintenance checks is increased there is indeed a positive effect from the reduced part cost as it is amortized over longer periods of time, but that this is also associated with rising fuel costs per flight hour. The figure clearly shows the bucket associated with an optimal minimal value in terms of the total accrued cost which then relates to the optimal scheduling. 
IV. Engine Maintenance Case Study
A. Genetic-Causal Approach to determine relevant costs According to the Genetic-Causal Approach (GCA) introduced in Section 2, the initial phase of the case study included the investigation of the costs identified in Eq. 3. It was established in Section 3 that in calculating ∆V as a function of ∆C, the two most influence cost variable were the maintenance cost c maintenance , and the fuel cost c fuel ; the others assumed to be negligible. This is the genetic principle of GCA in that families of costs are identified that have a consistent nature and recurring nature, and which therefore facilitate the understanding of the basic cost structure. A breakdown of the costs associated with the top five maintenance cost drivers is presented in Fig. 6 . It is as expected that the High Pressure Turbine (HPT) accounts for nearly half the cost as this stage is associated with the highest performance requirements. It can be noted that this along with the Low Pressure Turbine (LPT) and High Pressure Compressor (HPC) account for approximately 75% of the engine maintenance costs. An example of the relationship for fuel burn costs relative to maintenance scheduling (cycle number) is presented in Fig. 7 . It is evident that there is indeed a strong correlation between the number of cycles and an increase in fuel burn, denoted as here Delft Wf. In addition, there seems to be a kink here in the characteristic at approximately 2500 cycles, although this may be due to other factors that are currently being investigated.
However, the key conclusions at this initial investigation stage are that there are indeed distinct families of cost with associated family (genetic) drivers; and that there is a significant rise in fuel burn as the maintenance schedule is increased, and the engine is allowed to degrade further than what may be optimal.
B. Cost Modelling
According to the Genetic-Causal Approach (GCA) introduced in Section 2, the subsequent step is to determine the causal drivers that are associated with the 'genetic' cost families identified in Section 4.1. Consequently, an analysis of potential independent variables was considered for each of the cost familes and it was concluded that the number of flight cycles was could be used as the common cost driver. For example the time interval was also investigated, but had minor significance to a well utilized engine, as well as some specific drivers tailored to the nature of a particular cost category, which indeed did improve the accuracy of the prediction. However, it was decided that the number of cycles would be used as the most influential common driver but the authors recommend that the individual cost models be investigated further to see if it is possible to include multiple variables. Another complexity in the modelling process is the propensity to scrap parts just because a maintenance check is happening and the said parts would never make it to a subsequent check. Consequently, we have to deal with data that does not actually characterize the true life of parts but rather see that airlines are forced to replace parts regardless of whether they could last longer. In this respect, the critical path in maintenance is dominated by the weakest link, especially in terms of the hot section. This issue is exemplified in Fig. 8 were it can be seen that regardless of the number of cycles, the second stage blades of the high pressure turbine must be changed on each heavy maintenance check. Relative to the current investigation this is unfortunate as it seems that the number of cycles has no impact on the scrapping -it will always happen. This is another element being investigated in terms of improving the accuracy of the modelling, as high risk parts are scrapped not according to cycle number but the opportunity to replace them.
A more typical example of the regression modelling is illustrated in Figs. 9 and 10 for the High Pressure Compressor. It can be seen that there is a considerable degree of scatter and future investigations may choose to eliminate outliers or to include addition variables that will increase accuracy. Figure 11 addresses the validation of the maintenance cost per hour against measured data and shows an obvious underestimation of the maintenance cost at the lower intervals or cycle number in particular. Therefore, the application to the maintenance scheduling will overestimate the benefit of reducing interval whereas there may be a higher associated cost on the maintenance side relative to shorter intervals.
C. Model validation
However, the data in Figure 11 relates to a bulk of data which included an expensive maintenance supplier that was associated with 1 st stage engines. Figure 12 shows that many of the modelling assumptions relate more to the current scenario and that the 2 nd stage engines that are currently undergoing the revised maintenance program relate well to the modelling predictions.
D. Application with Value Operations Methodology
Finally, the cost modelling was used within the VOM framework to investigate the bucket theory presented in Section 3. Several scenarios were tested and it was found that an interval of approximately 15-20% less was optimal. Fig 13 illustrates the results although the specific benefit to the collaborator is sensitive due to commercial reasons. 
V. Conclusion
The paper has presented the results from a study in collaboration with an airline that looked at modeling the relationship of maintenance and fuel burn costs relative to minimizing the life cycle cost relative to schedule. The work has verified that the bucket theory presented in the paper is a correct and has a direct impact on the scheduling interval. Ultimately, it was found that the maintenance schedule at the collaborating company was overly long and could be reduced by 15-20%, to reduce total costs in the longer term, even although this seems to be a good shorter terms solution; i.e. to postpone heavy maintenance cost. However, due to some of the wide scatter and deviations in the data being modelled as part of the maintenance cost modelling, the authors advise caution in the exact magnitude. However, due to the considerable reduction found to be the optimal intervals, it seems certain that there are cost benefits to be gained and that it is worthwhile to improve the fidelity of the models. In addition, other factors such as the need to delay maintenance due to lower cash flow for example, also need to be taken into consideration. Finally, it is concluded that the Value Operations Methodology has focused the maintenance scheduling process on the bigger picture of taking wider aspects into consideration, rather than just assuming that leaving engines on the aircraft longer leads automatically to reduced cost. Essentially, it was found that the rising fuel burn cost caused by the performance degradation in the hot section of the engine is significant enough to forces an sorter maintenance interval than anticipated. The Genetic-Causal Approach was used in the cost modelling process and incorporated into the Value Operations Methodology. Consequently, the generic relevance of both these theories has been validated through the work presented.
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